cyanide to the system, and the use of an internal standard during assay. 3. Plasma showed an activating effect on cocarboxylase.
The mechanism of the toxic action of fluoroacetate provides one of the few examples of what has been called 'lethal synthesis ' (Peters, 1952) . Fluoroacetate is not toxic to enzymes (Bartlett & Barron, 1947) , but its incorporation into the reactions of the Krebs cycle in place of acetate results in the production of a fluorinated tricarboxylic acid (in all probability, fluorocitric acid) which blocks the action of the enzyme aconitase (Peters, 1952) . Since the reactions of the Krebs cycle are associated with the mitochondria of the cell (Nossal, 1953) , the action of fluoroacetate must be an intracellular one.
For a number of years a project has been under way in this Laboratory concerning the interactions of the yeast cell and its environment, particularly where changes in pH are involved. The programme is based upon the premise that if the intracellular action of an ionizable chemical agent is found to vary with extracellular pH, then something can be learned about the internal environment of the cell. Iodoacetic acid was first applied to this problem and here pH was found not only to influence the degree of toxicity to yeast cells, but also to determine the characteristics of the inhibitory action observed (Aldous, 1948) . The disadvantage of using iodoacetic acid was that its in vivo action was characterized by the inactivation of a variety of enzymes (Aldous, 1952) . Fluoroacetic acid (HFA), on the other hand, possesses some pharmacological properties which would appear to make it a more suitable agent. This possibility, together with the object of establishing the effect of pH upon the toxicity of HFA to yeast cells, were the reasons for undertaking the present investigation. Yeast cells have been used as the biological material because they will tolerate wide fluctuations in environmental pH without showing appreciable changes in their respiratory metabolism (Barron, Ardao & Hearon, 1950) .
A search of the literature showed that whereas a few investigators have noted an effect of pH upon the toxicity of fluoroacetate, none, with the possible exception of Black & Hutchens (1948) , has made a systematic study of the phenomenon. These authors noted that as the pH of the medium was lowered from 6-0 to 4-0, the fluoroacetate-induced inhibition of the oxygen consumption of yeast cells was progressively increased. This action is attributed to the fact that for 'fluoroacetic acid (pK. 3.81) a change in pH from 6-0 to 4-0 increases the concentration of undissociated fluoroacetic acid molecules 60-fold'. No reference for the pKa is given, but from this value a K. of 1-55 x 10-4 can be calculated. Chenoweth (1949) quotes a value of 21 x10-4for the K., which is more in keeping with those for the other halogen-acetic acids, and which yields a pKa of 2-68. By using Chenoweth's figure, the percentage dissociation of HFA as a function of pH has been calculated and is presented in Fig. 1 . This shows that such a strong acid is completely dissociated above pH 5-0, and at pH 4-0 only 5 % of the acid exists in the undissociated form. A similar K. value (22 x 10-4) is given in a recent review by Haszeldine (1954) . It seems unlikely, therefore, that the inhibition of oxygen consumption which Black & Hutchens noted could hava been due only to the decreased dissociation of HFA. I956 experiments showed that only when the cells had been exposed to 10-1M-HFA was there any reduction in colony count; at this concentration the inhibition of cell division was virtually complete.
In later experiments the concentration of HFA was varied from 2 x 10-2 to 6 x 10-2M with results as shown in as percentage of the control rate at the same pH. A number of features not apparent in Fig. 2 should be mentioned: (a) the rate of oxygen consumption in the control samples was not influenced by pH; (b) the reproducibility in the control samples at any given pH is indicated by the fact that the greatest value of the S.E. was 2-55 for a mean rate of 348j4l./90 min.; (c) the largest S.E. observed in the HFApoisoned samples was 2-40 for a mean rate of 1781J.1 90 min.
RESULTS
Since the pharmacological action extends only over the range of dissociation of HFA there can be little doubt that the concentration of undissociated acid is of primary importance in determining the viability or the inhibition of oxygen consumption.
In its influence on viability HFA shows a relatively weak action (Table 1 ). In order to suppress colony formation completely, a concentration of 5 x 10-2M HFA is needed, although it must be kept in mind that the concentration of undissociated HFA here is 2-2 x 10-2M since the experiments were all carried out at pH 2-8. Viability data in general were difficult to reproduce, and for this reason oxygen consumption was used as a criterion of toxicity in later experiments. It should be noted, however, that from the data of Table 1 calculation shows no reduction in viability until a concentration of 1X26 x 10-2M undissociated acid is reached. The data for oxygen consumption ( Fig. 2) indicate that a 90 % inhibition of oxygen consumption is observed when the concentration of undissociated HFA is only 4-0 x 10-3M. From these considerations it follows that at concentrations intermediate between these two values (e.g. at 1.0 X 10-2M) a condition must obtain where oxygen consumption will be completely inhibited, yet all cells will be capable of forming colonies. Because serial-dilution and plating-out techniques were used in the viability experiments, it is obvious that reduction in viability represents an irreversible action of HFA; a priori it would seem that the observed inhibition of oxygen consumption must represent a reversible action. Attention was thus turned toward an analysis of the reversibility of the HFA inhibition of oxygen consumption.
Effect of pH on the oxygen consumption of poisoned cells
Washed and aerated cells were exposed to 5 x 1O-3M HFA at pH 2-1 for 30 min. at 250. Measured samples of the suspension, labelled 'unwashed', were pipetted directly into the Warburg vessels. The remainder of the poisoned suspension (as well as the control suspension) was then divided into three portions. One of these was centrifuged and the packed cells were resuspended in fresh buffer-glucose at pH 2 1. After it was stirred thoroughly, the suspension was again centrifuged, and the supernatant was discarded and the cells suspended in buffer-glucose at pH 2-1. The other two portions were put through the washing and resuspending procedures at pH 258 and 5*0 respectively. Measured portions of the original control sample were washed and resuspended in buffer-glucose at each of the three pH values. The oxygen consumption of the 'unwashed' and the three 'washed' samples was then followed in the respirometer until a steady state had been reached. Table 2 records the results from one of a series of such experiments. These data show clearly that the inhibitory action of HFA upon oxygen consumption is freely reversible, provided that the pH of the fluid with which the celLs are washed is close to 5 0. The data also confirm the a priori assumption made earlier with respect to the action of high concentrations of HFA, for in carrying out the viability experiments, the cells after exposure to HFA were serially diluted through three changes of 0-05M-KH2PO4 (pH 4.5), and were finally plated out on wort-agar medium (pH 4.8). Thus any inhibition of oxygen consumption, which might have resulted from an exposure of the cells to concentrations of HFA as high as 1.0 x 10-2M, would be reversed during the dilution and plating-out procedures.
The fact that the degree of reversibility by washing was dependent upon the pH of the washing fluid suggested further experiments. First, the effectiveness of the washing procedure was determined by measuring the oxygen consumption of poisoned cells which had been washed one, two, three and four times in buffer-glucose at each of the pH values in Table 2 . The results showed conclusively that a single washing was sufficient to bring about any recovery of oxygen consumption which could occur, and that subsequent washings did not change this new rate.
Secondly, since in the experiments reported in Table 2 the cells were poisoned at one hydrogen-ion Vol. 62 607 concentration only, it was necessary to know to what extent recovery would occur when the cells were exposed at other pH values. Cells were therefore exposed to 5 x 10-3M HFA at pH 2-2 (no. 1), 2-8 (no. 2) and 3-5 (no. 3). Rates of oxygen consumption were then determined on each of the original samples, and on each sample washed twice as follows: no. 1 at pH 2-2, 2-8 and 4 0; no. 2 at pH 2-8, 3.5 and 4 0; no. 3 at pH 3-5 and 4-0. Table 3 shows the results of this series of experiactivity of nos. 4 and 5 was measured at pH 2 8 and 2-2 respectively, and thus represented the situation where the cells had been changed from an alkaline back to an acid environment. Control suspensions were subjected to identical washing procedures. The results of two experiments (A and B) are reported individually in Table 4 , where the rate of oxygen consumption of each poisoned sample is expressed as percentage of its respective control rate. Table 2 . At this point in the investigation it became quite clear that there were two types of recovery: (1) some could be obtained by merely washing the cells without changing the pH of the environment, and (2) further change could be brought about only by washing the cells at a pH higher than the original. The likelihood that this reversibility was due to dissociation of the inhibitory agent suggested the possibility of re-establishing the inhibition by placing the alkaline-washed cells back into a more acid environment. Experiments were accordingly designed as follows. Cells were exposed to 5 x 10-3M HFA at pH 2-2 for 30 min. The stock suspension was then divided into five portions: no. 1 was washed twice at pH 2-2, no. 2 at pH 2-8, and nos. 3-5 were all washed at pH 3.5. The oxygen consumption of no. 1 was determined at pH 2-2, no. 2 at pH 2 8 and no. 3 at pH 3 5. The respiratory From these results it is clear that the inhibition which is apparently removed by alkaline washing can be made to reappear if the cells are returned to an acid environment. The degree to which this phenomenon occurs is dependent upon the extracellular pH, and takes place within the range of dissociation of HFA.
DISCUSSION
In interpreting the results relating to the reversibility of the HFA-induced inhibition of oxygen consumption, it is important to note that the phenomenon occurs in what must be an HFA-free extracellular environment. The effect observed must be due either to a binding of the toxic agent to the surface of the cell or to an action within the cell.
Let us examine first the possibility of a surface action. Since toxicity increases with increasing acidity, the action must be due to the molecule of HFA which becomes bound to the cell surface; when the HFA is predominantly in the ionic form there is no inhibitory action (Fig. 2) If, as an alternative explanation, it is assumed that penetration of the cell wall or membrane takes place, then it appears most likely that the undissociated HFA is the species which penetrates. Once the molecule is inside the cell, the internal pH will determine the extent to which ionization takes place. At once two possibilities arise. The first is that the internal pH is buffered at a value close to 6-3, as reported by Conway & O'Malley (1946) .
In this situation the molecules of HFA which have entered the cell will become completely ionized, and the intracellular-ion concentration will be determined by the extracellular molecular concentration. The data of Fig. 2 might thus be interpreted as an intracellular action of the fluoroacetate ion. If this ion were free to traverse the cell membrane in an outward direction then washing should remove all the toxic material from the cell regardless of whether the extracellular pH was changed. Experiment shows, however, that recovery does not take place in this manner: washing without changing the pH by no means completely removes the inhibitory effect, whereas washing at an alkaline pH does. If the internal environment is buffered, changes in the external environment should have no influence upon intracellular events, whether the ion were free to pass out of the cell or not. This explanation will therefore account for the data of Fig. 2 , but is not consistent with the results presented in Tables 2-4 . The second possibility is that the internal environment (or a portion of it, such as Conway's 'outer metabolic region') is free to fluctuate in pH with 39 the external environment. In this case the HFA which had entered the cell in molecular form would ionize to an extent determined by the extracellular pH. Variation in the extracellular pH should vary the concentration of the molecule relatively to that of the ion. Since alkaline washing decreases the inhibition of oxygen consumption, presumably the original equilibrium HFA=FA + H+ would be displaced to the right, resulting in the formation of inert ion at the expense of the active molecule. The ions so generated would not be able to leave the cell, so that when the cell was returned to an acid environment, active molecules would be regenerated and the inhibitory action would reappear.
The results of Table 4 lead to another important conclusion, namely that the molecule of HFA is unable to leave the cell once it has entered. The explanation for this might lie in the possibility that HFA is metabolized to some intermediate which is both inhibitory and non-diffusible. It would be tempting to ascribe the identity of this toxic intermediate to fluorocitric acid, for two reasons: (a) Conway & Downey (1950) have shown that diand tri-earboxylic acids penetrate the cell very slowly, whereas acetic acid penetrates very rapidly; (b) the data of Peters, Wakelin & Buffa (1952) indicate that the pK values of the fluorinated metabolite of HFA should be more acid than those of citric acid; these values in the acid range lie so close to that of HFA that it would be almost impossible, from physiological data, to distinguish between the ionization of HFA and fluorocitric acid.
HFA would presumably enter the cycle in the same manner as acetate does, namely, by conversion into fluoroacetyl coenzyme A, which would then condense with oxaloacetate to form fluorocitrate, following the proposal of Brady & Stadtman (1955) .
If the mechanism of action of HFA does in fact involve a 'jamming' of the Krebs cycle in the manner described, and if ionization of the inhibitory agent is not the factor responsible for the reversal by alkaline washing, there is left the seemingly unreasonable assumption that alteration in pH produces a change in the metabolic reactions of the cell. From the data of Fig. 2 this leads to the conclusion that on the acid side of pH 4-5 glucose was being metabolized via the Krebs cycle, while at more alkaline conditions it was not.
Although the yeast cell has been shown to be capable of carrying out all the reactions of the Krebs cycle, Weinhouse & Millington (1947) and Foulkes (1951) especially when the cell is in the resting condition. From work with E8cherichia coli Roberts et al. (1953) conclude: 'the interpretation of the data shows that the Krebs cycle is of importance in amino acid synthesis, accounting for more than 50 percent of the protein carbon, but relatively unimportant as a mechanism for oxidizing glucose'. It has been clearly shown by Conway & Brady (1950) , and by Rothstein & Enns (1946) , that succinic acid is extruded by the resting cell when glucose and potassium ions are present in the external medium. This would suggest that under these conditions the cell only partially utilizes the Krebs cycle. There is also the possibility that in presenting the cell with acetate or any of the other component substrates of the cycle, concentrations far in excess of those occurring under physiological conditions are involved. Thus, although acetate is readily metabolized by yeast cells, it exerts a pronounced inhibitory action upon the utilization of glucose (Maesen, 1953) . The significance of such findings must be interpreted with caution, however, because both the rate of oxidation of acetate and its inhibitory action on glucose utilization are materially influenced by both concentration and degree of ionization (Maesen, 1953; Aldous, unpublished results) .
It is clear from the foregoing discussion that an answer to the questions raised by the present investigation might be, found if more were known about the conditions which set the Krebs cycle in operation. An obvious way to obtain this answer would be to measure the ability of the HFApoisoned cell to utilize those components of the cycle to which it is normally permeable. Work along these lines is now being done in this Laboratory and will form the subject of a later paper.
The concept that the inhibitory agent may be a metabolite of HFA is an economical one, as it offers a possible explanation for those data of Table 3 which indicate that washing the cells without changing the pH always results in a partial recovery of oxygen consumption. It might be presumed that in the 'unwashed' samples the inhibition was due to the presence of both the inhibitory metabolite and HFA, and that of the washed samples was due only to the former. Washing without changing the pH would thus remove the unmetabolized HFA, which, like acetic acid, might reversibly inhibit the utilization of glucose (Maesen, 1954) .
Analysis of the findings of Black & Hutchens (1948) , mentioned in the introduction, makes it seem likely that the effect which these authors were observing was one of pH upon the dissociation of the substrate undergoing oxidation. Acetic acid has a pKa of 4-75 which is near the middle of the range over which the oxygen consumption was measured. From pH 5 0 to 6-0 the concentration of HFA will be unchanged, but there will be a considerable change in the concentration of acetate ions, a factor which appears to be determining the rate of oxidation. The system which these authors were studying thus contained two variables which were likely to change with pH, and it was for this reason that glucose was used as the oxidizable substrate in the present work. SUMMARY 1. When yeast cells are exposed to high concentrations offluoroacetic acid (HFA) in the presence of glucose, the loss in viability which results is proportional to the concentration of undissociated HFA.
2. The inhibition of oxygen consumption which is complete at much lower concentrations of HFA i likewise dependent upon the amount of undissociated HFA in the cell's environment.
3. The inhibition of oxygen consumption is only partially reversed by washing with buffer of the same pH as that at which the cells were exposed to the HFA; this fact suggests that the ultimate inhibitory agent is some non-diffusible metabolite ofHFA.
4. The inhibition of oxygen consumption is pHlabile, which indicates either that the inhibitory agent is dissociable, or that the metabolic reactions of the cell change with variation in environmental pH.
